Abstract Setaria viridis (L.) P. Beauv. and its domesticated form, S. italica (L.) P. Beauv., have been developed over the past few years as model systems for C 4 photosynthesis and for the analysis of bioenergy traits. S. viridis is native to Eurasia, but is now a ubiquitous weed. An analysis of the population structure of a set of 232 S. viridis lines, mostly from North America but also comprising some accessions from around the world, using 11 SSR markers, showed that S. viridis populations in the US largely separate by latitude and/or climatic zone. S. viridis populations from the Northern US and Canada (north of 44°N) group with accessions from Western Europe, while populations in the Mid and Southern US predominantly group with accessions from Turkey and Iran. We hypothesize that S. viridis in the US was most likely introduced from Europe, and that introductions were competitive only in regions that had climatic conditions that were similar to those in the regions of origins. This hypothesis is supported by the fact that Canadian S. viridis lines were fast cycling and undersized when grown in the Mid-Western and Southern US compared to their morphology in their native environment. A comparison of the population structure obtained with 11 SSR markers and *40,000 single nucleotide polymorphisms (SNPs) in a common set of S. viridis germplasm showed that both methods essentially yielded the same groupings, although admixture was identified at a higher frequency in the SNP analysis. Small numbers of SSR markers can thus 
Introduction
Setaria viridis (L.) Beauv., green foxtail, belongs to the family Poaceae, subfamily Panicoideae, tribe Paniceae. It is the wild progenitor of foxtail millet [S. italica (L.) Beauv.], a crop cultivated for food mainly in China, India and Russia, for birdseed in Europe and for hay and silage in the United States. S. viridis can cross freely with the cultivated S. italica, and this has been exploited to transfer traits from S. viridis to S. italica including herbicide resistance (Naciri et al. 1992; Wang et al. 1996) . Naciri et al. (1992) reported that only few backcrosses were needed to eliminate weediness following an interspecific cross between S. viridis and S. italica, making trait introgression from the weed to the cultivated species a viable strategy. S. viridis may also be a source of novel stress tolerance genes for the genetic improvement of S. italica (Qie et al. 2014) .
Setaria viridis is an annual diploid species thought to be native to Eurasia (Darmency 2005 ) but now a ubiquitous weed in temperate regions throughout the world (Invasive Species Compendium: www.cabi.org/ isc/). In North America, S. viridis was first reported in Montreal, Canada in 1821 (Douglas et al. 1985) . Most likely it was introduced as a contaminant of crop seed and in the ballast of ships. It remained a relatively minor weed in Canada until at least the 1930s (Manson 1932) , but by 1948, the species was widespread throughout Manitoba, Alberta and Saskatchewan (Groh and Frankton 1949) . In the US, S. viridis has been present since at least 1900 and has greatly increased in abundance over the past 100 years (Forcella and Harvey 1983) . S. viridis is considered one of the most successful plants in colonizing disturbed habitats. It is typically found in agricultural fields, on road sides and along railroad tracks, on ditch banks and in open waste areas. While S. viridis is an extensive seed producer, it is a poor competitor and only severely affects crop yields when the seedlings emerge at about the same time as the crop (Blackshaw et al. 1981; Peterson and Nalewaja 1992) . Over the past 20 years, green foxtail has acquired resistance to several groups of herbicides (www.weedscience.org) and, as a result, has retained its status as one of top 10 most prevalent weeds in Western Canada.
Setaria viridis is often found in mixed populations with S. faberi Herrm. (Japanese bristlegrass) and S. pumila (Poir.) Roem. et Schult (yellow foxtail). The first record of S. faberi, giant foxtail, in the US was on Long Island in 1925 (Fairbrothers 1959) . It is generally assumed that S. faberi was introduced as a seed contaminant from China where the species occurs in several regions as a common weed. It may have spread in the US along the railroads, and became a major agricultural problem in the Corn Belt in the 1950s (Knake 1990 ). Morphologically, S. faberi is very similar to and easily confused with S. viridis (Fairbrothers 1959; Layton and Kellogg 2014) . The characteristics that best distinguish the two species are the greater length ratio of the lemma and 2nd glume in S. faberi compared to S. viridis, and the pubescence on the upper surface of the leaf blades of S. faberi. However, leaf pubescence is not universally present in S. faberi in China (Knake 1990) . At a genetic level, S. faberi is an allotetraploid with one of the genomes being similar to that of the diploid S. viridis. Both species can cross to form triploids (Li et al. 1942; Willweber-Kishimoto 1962) , and there is thus some potential for gene flow between the two species.
S. pumila, yellow foxtail, occurs in multiple ploidy forms (2n = 18, 36, 54 and 72) (Rominger 1962 ; chromosome counts database-http://ccdb.tau.ac.il). The species is morphologically and genetically distinct from S. viridis. Phylogenetic analysis places S. pumila with African Setaria species, suggesting that S. pumila is native to Africa ). Despite their different genome composition, a recent study reported obtaining seed from a cross between S. viridis and S. pumila (Jiang et al. 2013) . Although Jiang and colleagues did not investigate the hybrid nature of the seed, and their finding contrasts with earlier reports of unsuccessful attempts to cross both species (Till-Bottraud et al. 1992; Willweber-Kishimoto 1962) , we nevertheless need to consider the potential for gene flow between the two species.
Due to its small genome (510 Mb; http://data.kew. org/cvalues/), diploid nature (2n = 18), and short life cycle, S. viridis and its domesticated form, S. italica, have become important models to study the genetics of the biofuel crop switchgrass and for C 4 photosynthesis (Brutnell et al. 2010; Doust et al. 2009; Li and Brutnell 2011) . The genome of S. italica has been sequenced and assembled into 9 pseudomolecules, corresponding to the 9 chromosomes, and covers *80 % of the genome and more than 95 % of the gene space (Bennetzen et al. 2012; Zhang et al. 2012) . The Joint Genome Institute (JGI) has also sequenced several accessions of S. viridis using the Illumina platform (sequencing reads available from NCBI's Sequence Read Archive (SRA)).
Several analyses of the diversity of S. viridis have been carried out. Wang et al. (1995) analyzed a set of 168 S. viridis accessions, some 75 % of which were collected in North America with the remaining 25 % distributed across Europe and Asia, with 13 isozyme markers. Their results indicated that S. viridis had been introduced multiple times from Eurasia into North America and formed two geographically separated subpopulations. Jia et al. (2013) analyzed a set of 288 mainly Chinese accessions with 77 SSR markers and also identified two subpopulations. Although the subpopulations did not correspond to geographical eco-regions, one of the subpopulations comprised mostly accessions from higher latitude eco-regions in Northern China while the majority of lines from lower latitude eco-regions formed the second subpopulation. In our study, we analyzed S. viridis and S. faberi accessions collected from the US and Canada and compared their DNA profiles obtained with 11 SSR markers with those of a global Setaria collection consisting mainly of S. viridis lines but also comprising some S. italica accessions.
Materials and methods

Plant materials
A total of 115 S. viridis accessions (232 lines), 11 S. italica accessions (11 lines), eight S. faberi accessions (22 lines), and one S. verticillata (L.) P. Beauv. (hooked bristlegrass) accession (1 line) were analyzed within this study. The term 'accession' is used in a broad sense and can represent a population of genetically dissimilar individuals growing at the same geographic location, as well as a sample of genetically identical genotypes. Forty-seven S. viridis and seven S. faberi accessions were collected as part of this project in North America (US and Canada) and for each accession, one to five plants (referred to as 'lines') were sampled per location. A further 12 S. viridis accessions from Canada were obtained from Hugh Beckie, Agriculture and Agri-Food Canada, Saskatoon. In addition, 15 S. viridis accessions from the Middle East, seven from Western Europe, 28 from East Asia, three from South Asia, two from Central America and one from South America were obtained from various sources (Online Resource 1). A list of the accession numbers, species name, country of origin and where known, global positioning system (GPS) coordinates of the collection sites, and source of the seed are given in Online Resource 1.
For the accessions collected in situ as part of this project, single seeds from one to five sampled plants were planted, grown to maturity in the glasshouse under natural day light and selfed. Each of the sampled plants from a single location was given the same accession number with the suffix_1, _2, etc. For accessions obtained from other sources, one or two plants were grown for each accession. Again, these plants were given the same accession number with a number suffix.
Differentiating S. faberi from S. viridis S. faberi and S. viridis are morphologically highly similar and largely overlap in their vegetative characters. The main distinguishing characteristics are sparse pubescence on the adaxial side of the leaf blade and a short upper glume not longer than 90 % of the lower lemma length in S. faberi compared to glabrous leaves and a glume largely covering the seed in S. viridis (Fairbrothers 1959) . All lines collected in situ by the authors had been identified as S. viridis or S. faberi prior to the DNA analysis. For the lines obtained from other sources, we used the ratio of the length of the upper glume to lower lemma as the criterion to identify S. faberi accessions that had been previously classified as S. viridis. Two accessions from China, 8125 and 81-79, had a glume length characteristic of S. faberi. Both accessions were considered as S. faberi in all analyses.
Genotyping DNA was extracted from approximately 10 mg of leaf tissue using a CTAB method (Doyle and Doyle 1987) .
Each line was genotyped with 11 foxtail millet SSRs (p3, p16, p29, p88, p89, p95, b101, b102, b127, b163 and b166; Jia et al. 2009 ). PCR reactions were carried out in 15 lL volumes comprising 50 ng of template DNA, 3 lL 59 buffer (Promega), 1.5 mM MgCl 2 , 200 lM dNTPs, 67 nM M13-tailed specific forward primer, 267 nM fluorescently labeled M13 primer, 267 nM specific reverse primer and 0.9 U GoTaq Ò Flexi DNA Polymerase (Promega). The PCR conditions were 5 min denaturation at 95°C, followed by 36 cycles of 15 s denaturation at 95°C, 30 s annealing at 57°C, and 30 s elongation at 72°C. A final step of 10 min at 72°C ensured full synthesis of PCR fragments. Three amplicons (3 lL each) labeled with different fluorochromes were pooled and diluted three-fold. Three lL of the pooled and diluted amplicons were added to 7 lL of a 19:1 mix of HiDi formamide (Applied Biosystems) and GeneScan 500 ROX-labeled marker (Applied Biosystems). Amplicons were size-separated on an ABI 3730xl (Applied Biosystems). SSR profiles were evaluated in GeneMarker Ò (Softgenetics) and peaks were scored manually.
Data analysis
Population structure analysis
A population structure analysis was conducted using the program STRUCTURE 2.3.1 (Pritchard et al. 2000) . No prior information on the geographic origin of the lines was used. Lines that contained identical alleles for all SSRs tested were analyzed as a single entry, so that each entry in the population structure analysis had a different allele composition. Identification of duplicate allele patterns was done using GenAlEx 6.501 (Peakall and Smouse 2012) . STRUC-TURE was run with K-values varying from 1 to 20 in an admixture model with a burn-in phase of 100,000 iterations and 1,000,000 Markov Chain Monte Carlo (MCMC) iterations and 50 runs for each K. The most likely number of subpopulations (K) was estimated according to Evanno et al. (2005) . For a given K, the run with the highest posterior probability (out of 50) was selected for analysis.
Additionally, we analyzed the data with the software InStruct (Gao et al. 2007 ) which, similarly to STRUCTURE, is a Bayesian clustering method but for inbreeding species. We tested K values from 2 to 20 with the same parameters as used for STRUCTURE, except that only seven iterations were done for each K.
Principal coordinates and diversity analyses
All analyses were carried out using GenAlEx version 6.501. The principal coordinates analysis (PCoA) was done with the Covariance-Standardized option (Peakall and Smouse 2012) . Correlations between the genetic and the log(1 ? geographic distance) transformed geographic distance of samples were analyzed using a Mantel test (Mantel 1967) . Analyses of molecular variance (AMOVA) estimated the contribution of each locus to the total variance in each subpopulation and partitioned the total molecular variance within and between subpopulations.
Neighbor-joining tree
The program MICROSAT v1.5 (Eric Minch, Stanford University, USA; http://hpgl.stanford.edu/projects/ microsat/) was used to calculate genetic distances (Dps) based on the proportion of shared alleles (ps) with Dps = 1 -ps. The distance matrix was used as input in Phylip v 3.69 to generate a neighbor-joining tree (Felsenstein 1993 ; http://evolution.genetics. washington.edu/phylip.html). Sample inputs were randomized (J option) and the tree was rooted using S. faberi accession 81-79 as outgroup. For comparison, and to check the robustness of the clusters, 12 distance matrices based on shared alleles for (1) all 11 SSR markers and (2) subsets of 10 out of the 11 SSR markers and the corresponding trees were generated using PowerMarker V3.25 (Liu and Muse 2005) .
Summary statistics
GenAlEx version 6.501 (Peakall and Smouse 2012) was used to calculate the number of alleles (Na), effective alleles (Ne) and specific alleles (alleles specific to a single subpopulation) in each subpopulation. In addition, the expected heterozygosity (He) was calculated across the entire population and by subpopulation. Only accessions that (1) were a member of the same subpopulation with a membership C95 % using both STRUCTURE and InStruct at K = 3 and (2) retained their membership to the same overarching population group when K was increased from 3 to 6 were included in the calculations.
Results
Population structure
Population structure analysis A total of 266 lines were genotyped with 11 SSR markers. The majority of the lines (226 lines) had no missing data, 34 lines had missing data for 1 SSR and 6 lines had missing data for 2 SSRs. After grouping lines with identical genotypes at all 11 loci, a total of 192 S. viridis entries, 11 S. faberi entries, 11 S. italica entries and one S. verticillata entry were analyzed using STRUCTURE and InStruct. Lines with identical genotypes are given in Online Resource 2.
The DK plot based on LnP(D) values from the STRUCTURE analysis indicated that the most likely number of populations (K) was 3. InStruct, however, indicated that, based on the deviance information criteria (DIC), the optimal value of K was 17. Because the accuracy of various methods for determining the optimal number of subpopulations is greatly decreased when using a small number of markers (Gao et al. 2011) , we conducted both STRUCTURE and InStruct analyses with K varying from 3 to 6, and then manually assessed the composition of subpopulations as K increased ( Fig. 1 ; Online Resource 3). For the subgroup descriptions below, we only considered accessions that belonged to the same subpopulations as determined by both STRUCTURE and InStruct, and that did not change membership across the three main groups identified at K = 3 with increasing K value. At K = 3, the accessions largely separated into a Northern US/Canadian S. viridis group (latitudes above 46°N), a Mid/Southern US S. viridis group which also comprised the S. verticillata accession (latitudes below 44°N), and a predominantly Asian mixed group which contained S. viridis as well as the cultivated S. italica and the tetraploid wild species S. faberi. Subpopulation groupings largely corresponded with climatic zones (Online Resource 1). Increasing K to 4 placed all S. faberi accessions and a subset of the S. viridis accessions in a separate subgroup (Fig. 1) . A further increase to K = 5 reduced the number of S. viridis accessions associated with S. faberi. The S. viridis accessions that split off from S. faberi, together with some other S. viridis accessions, formed a separate subpopulation at K = 5. Increasing K to 6 divided the Northern US/Canadian group into 2 subgroups (Online Resource 3). Overall, 176 of the 215 unique genotypes had membership to the same subpopulation at K = 3 using both STRUCTURE and InStruct, and retained membership to those three overarching groups even when K was increased. The remaining 39 genotypes varied in their membership with varying K ( Fig. 1; Online Resource 3) . The change was largely unidirectional to the Asian group. For example, accessions 1231, 1235, 1237 and 8002 belonged to the Mid/Southern US S. viridis subpopulation at K = 3 and to the Asian subpopulation at K = 4, 5 and 6 ( Fig. 1 ; Online Resource 3). Of the lines that switched population groupings as K was modified, 24 (62 %) were solidly assigned to a particular group at K = 3 (membership value C95 %). Of these, 62 % belonged to the Mid/Southern US group, 29 % belonged to the Northern US/ Canadian group, and 8 % belonged to the Asian group.
Principal coordinates analysis
The first three coordinates explained 19.64 % of the variation, with the first coordinate explaining 9.62 %, the second coordinate 5.40 % and the third coordinate 4.63 %. Color-coding of the accessions in the 2-dimensional PCoA plot showed a good correspondence between the population groups obtained from the PCoA and from the STRUCTURE/InStruct analyses (Fig. 2) . Lines that changed membership with varying runs and/or K in the STRUCTURE/InStruct analyses largely grouped with the Asian accessions.
Neighbor-joining tree
Clustering of accessions in the neighbor joining tree generated with 11 SSR markers again was in good agreement with that obtained by the population structure and PCoA analyses (Fig. 3) . To assess the robustness of the clustering, we generated distance matrices and trees based on subsets of 10 SSR markers and compared the tree topologies (Online Resource 4). Bar a few lines, the Mid/Southern accessions formed a single cluster in all trees. The Northern US/Canadian accessions largely grouped together in seven distance trees, and formed two clusters in four trees. The accessions belonging to the Asian subpopulation clustered to some extent, but these clusters were less robust than the North American/Canadian and Mid/ Southern US clusters.
Overall genetic diversity
Genetic diversity is correlated with geographic distance
Significant positive correlations were found between the genetic distance and the geographic distance between accessions. This was true when all accessions were considered as well as for accessions within each of the three subpopulations. The correlation (Rxy value) was highest for accessions in the Asian subpopulation and lowest for accessions in the Northern US/Canadian subpopulation (Table 1) .
Genetic diversity by subpopulation
All 11 SSR markers used showed polymorphisms in all three subpopulations, with the numbers of alleles varying from four (SSR p16 in the North American group) to 28 (SSR b101 in the Asian group) ( Table 2) . Both the mean number of alleles and effective number of alleles were lowest in the Mid/Southern US subpopulation (7.7; 2.5) and highest in the Asian subpopulation (20.4; 10.6) ( N o r t h e r n U S / C a n a d i a n C l u s t e r Mid/Southern US Cluster subpopulation, a predominant allele (frequency of 70.3 %) was found for a single SSR locus, p89, although this allele was also present at a frequency of 12.5 % in the Asian subpopulation (Online Resource 5). In contrast, the highest frequency of any single allele in the Asian subpopulation was 30.9 %. Perhaps not surprisingly, 50 % of all alleles in the Asian subpopulation were minor alleles (present in B5 % of the individuals within a given subpopulation) compared to 11 and 27 % of the alleles in the Mid/Southern US and Northern US/Canadian subpopulations, respectively. On average, 71 % of the variation was found between individuals within subpopulations, and 29 % of the variation among subpopulations. The Asian subpopulation had the highest level of variation (expected heterozygosity (He) of 0.901 ± 0.007), followed by the Northern US/Canadian subpopulation (He = 0.755 ± 0.036) and the Mid/Southern US subpopulation (He = 0.512 ± 0.064).
Discussion
Genome relationships between S. viridis, S. faberi, S. verticillata and S. pumila While the focus of this study was on S. viridis, we also collected S. faberi, which is morphologically highly similar to and hence can easily be confused with S. viridis, and S. pumila which often grows in sympatry with S. viridis. Several S. italica accessions, the domesticated form of S. viridis, were also included in our analysis. In addition, a single S. verticillata accession was obtained from GRIN. The SSR markers, which were developed against S. viridis sequence data (Jia et al. 2009 ) amplified equally well using S. viridis, S. italica, S. verticillata and S. faberi genomic DNA as a template. However, most primer sets failed to amplify or produced weak and/or complex patterns in S. pumila. This is in agreement with the results of phylogenetic analyses that place S. viridis, S. italica and one genome of the tetraploids S. faberi and S. verticillata into a single clade while S. pumila is more distantly related Layton and For each marker, the allele (in bp) that is present at a frequency of [50 % in one of the subpopulations and \5 % in both other subpopulations is indicated as specific alleles (Spe) a The chromosomal location was obtained by conducting a Blastn search of the primer sequences listed in Jia et al. (2009) against the S. italica genome sequence (Bennetzen et al. 2012) Kellogg 2014). Our analysis of 30 S. pumila accessions with 11 SSR markers yielded no evidence of gene flow between S. pumila and S. viridis growing in sympatry.
Relationships between accessions based on population structure and neighbor-joining tree Eighty-nine percent of the S. viridis lines (93 % of the accessions) from regions in the US covered by our analysis (Online Resource 1) can be grouped into two subpopulations, referred to as a Mid/Southern US group and a Northern US/Canadian group (Figs. 1, 2) . Groupings obtained using STRUCTURE/InStruct aligned completely with the relationships revealed by a neighbor joining analysis except for one line, ME020_1, which was classified as belonging to the Northern US/Canadian subpopulation by STRUC-TURE and InStruct, but grouped with Chinese accessions in the neighbor-joining tree (Fig. 3 ). ME020_1 carried rare alleles at three loci and also had missing data at two loci which may explain its odd placement in the neighbor joining tree. ME020_1 did, however, carry the 204 bp allele at locus p89, which is present in 69 % of the lines belonging to the Northern US/Canadian subpopulation. Interestingly, removal of SSR b127 from the analysis clustered ME020_1 with the Northern US/Canadian subpopulation (Online Resource 4). Accessions that belong to the Mid/Southern US subpopulation are found mainly below latitudes 44°N in Köppen's climate zone Cfa (warm temperate, fully humid, hot summer) (Kottek et al. 2006) , while accessions belonging to the Northern US/Canadian subpopulation are found mainly above latitude 46°N in climate zone Dfb (snow climate, fully humid, warm summer). These results are in agreement with observations made by Wang et al. (1995) based on isozyme analysis of US S. viridis accessions and by Huang et al. (2014) based on close to 40,000 single nucleotide polymorphisms. The majority of the accessions from Iran and Turkey (climate zones Csa-warm temperate, dry hot summer; Csb-warm temperate, dry warm summer) grouped with the Mid/Southern US subpopulation suggesting that Mid/Southern US accessions may be derived from introductions from Southern Europe and/or the Middle East. The number of introductions with favorable allele combinations that gave rise to the Mid/Southern population may have been limited as indicated by the presence of predominant alleles at eight of the 11 SSR loci. The single S. verticillata line that was included in our analysis originated from Turkey and also grouped with the Mid/Southern US lines in both the population structure and neighbor joining analyses. The Western European accessions we analyzed (climate zone Cfb-warm temperate, fully humid, warm summer) largely grouped with the Northern US/Canadian subpopulation, suggesting that introductions from Western Europe may have given rise to the Northern US and Canadian S. viridis populations. Because a predominant allele is found only at a single SSR locus, the Northern US/Canadian subpopulation probably originated from a larger number of introductions than the Mid/Southern subpopulation. The observed groupings likely reflect the differential adaptation of Turkish, Iranian and Mid/Southern US lines to dry or humid hot summers with\15 h day lengths on one hand, and the Western European and Northern US/Canadian lines to humid and warm (but not hot) summers with [15 h day lengths on the other hand. The SSR with the predominant allele in the Northern US/Canadian subpopulation is located on foxtail millet chromosome IV in a region that carries a flowering time QTL and may be associated with adaptation to Northern climates. The Mid/Southern US subpopulation has a different predominant allele at this locus. Differential adaptation to environmental conditions at different latitudes could be observed clearly when Canadian accessions were grown in the glasshouse in Georgia. Most accessions flowered very early, yielding mature plants that were very small and set little seed. This plant phenotype was very different from that observed when the plants grew in their native environment.
In contrast to the two largely North American subpopulations that formed distinct clusters in the neighbor-joining tree, lines belonging to the Asian subpopulation largely fell into three clusters (Fig. 3) , but membership to the clusters varied depending on the software used to generate the distance matrices and trees, and on the subset of SSRs used in the analysis (Online Resource 4). This can likely be explained by the diversity of the accessions that formed the Asian subpopulation. No alleles were identified in the Asian subpopulation that were present in 50 % or more of the accessions, and 50 % of the alleles were minor alleles. This is in contrast to the Mid/Southern US population which had low genetic variation with predominant alleles at 72 % of the SSR loci leading to stable clustering of accessions across different analyses.
In addition to S. viridis, our study included eight S. faberi accessions and 11 S. italica accessions, all of which belonged to the Asian subpopulation. The 10 S. italica accessions from India consistently clustered together and were more closely related to S. viridis accessions from India and Afghanistan than to Yugu1, a S. italica accession from China (Fig. 3) . The cogrouping of S. italica with S. viridis from the same geographic region is consistent with previously published data (Le Thierry d 'Ennequin et al. 2000) and indicates that gene flow exists between the two species. The S. faberi accessions also consistently clustered together. It had previously been suggested that S. faberi was introduced into the US from China (Rominger 1962) . While membership of the S. faberi lines to the Asian subpopulation seems to support this, the fact that S. faberi accessions formed a separate cluster in the neighbor joining tree and that increasing K from 3 to 4 in the STRUCTURE and InStruct analyses resulted in the splitting off of the S. faberi accessions and some S. viridis lines from the Asian subpopulation indicates that this interpretation needs to be treated with caution. The S. viridis lines that grouped with S. faberi at K = 4 belonged to four accessions from the US, four accessions from China, one accession from Germany and one accession from Iran, which is too small a dataset to determine a country bias. In our collection of Setaria accessions, we had one accession (Waselkov_Momence) for which, of the five collected lines, one was classified as S. faberi based on glume size while the others were confirmed as S. viridis. Interestingly, one of the S. viridis lines (Waselkov_Momence 2) also fell into the S. faberi cluster in the neighbor-joining tree. Waselkov_Momence_2 carried alleles that were common in S. faberi at nine of the 11 loci. However, at two of the loci, the alleles in Waselkov_Momence 2 were absent from any of the S. faberi lines but were present in S. viridis, one at a low frequency in the Asian (*8 %) and Northern US/Canadian subpopulation (*3 %), and the other at high (*80 %) and moderate (*20 %) frequencies in the Mid/Southern US subpopulation and Northern US/Canadian subpopulation, respectively. S. faberi is an allotetraploid with one genome donated by S. viridis, so it is not surprising that the two species should share alleles (Benabdelmouna et al. 2001; Layton and Kellogg 2014) .
Although the diversity analysis was conducted with 11 SSRs only, the results of the population structure analyses were highly similar to those obtained by Huang et al. (2014) who analyzed a largely overlapping set of germplasm using *40,000 SNP markers obtained using genotyping-by-sequencing (GBS). Of the 112 lines that were in common between the two studies and that consistently grouped within the same subpopulation at K = 3 in the SSR study, all but two (98 %) were classified in the same subpopulation using SNPs and SSRs. For the purpose of comparison, lines were classified to the subpopulation in which they had [50 % membership. The GBS data, however, indicated a higher percentage of admixed lines (\90 % membership to a single subpopulation) than the SSR analysis (33 vs. 6 %). Lines that were classified as admixed in the SSR analysis were also classified as admixed in the SNP analysis. The only exceptions were the lines Azerbaiyan Ahar and PI 221960 which were classified as admixed with a majority membership to the Northern US/Canadian subpopulation in the GBS study but belonged to the Asian subpopulation in the SSR analysis. These were the only two accessions in our study that originated from climate zone Dsb (snow climate with dry warm summers). When considering the 24 lines that were in common between the SNP and SSR studies, but did not have a consistent membership to a particular subpopulation using different software packages and/ or different K values based on the 11 SSRs, 54 and 79 % of classifications agreed between the GBS data and the SSR results obtained at K = 3 and K = 4, respectively. At K = 4, the Asian group largely split into two subgroups, and several of the lines that were classified as Mid/Southern US in the SSR analysis at K = 3 belonged to one of the two Asian subgroups at K = 4. The lines that differed in their classification between GBS SNP and SSR data were typically highly admixed (membership to a single subpopulation was \60 %).
Conclusions
Small numbers of SSR markers can be sufficient, depending on the species and genetic diversity present, to determine the overall population structure of germplasm collections. To solidly determine population groups, especially at low marker numbers, it can be helpful to assess the stability of line classifications at increasing K values. Lines that change membership may be more likely to have high levels of undetected admixture. Our analysis demonstrated that S. viridis lines in the US were likely introduced from Europe and/or the Middle East. The fact that Northern US and Canadian populations have a closer genetic relationship to S. viridis populations from Western Europe, and Mid/Southern US populations have a closer genetic relationship to S. viridis populations from Southern Europe and the Middle East suggests that S. viridis will only flourish if introduced to the climatic and/or photoperiod zones from which it originates and to which it is adapted.
